Background
Worldwide, gastric cancer is one of the leading causes of cancer-related mortality, and more than 950,000 patients are newly diagnosed with gastric cancer each year [1] . Although advances have been made in the management of patients with gastric cancer, the clinical outcome remains poor, with a 5-year survival of less than 25% [2] . Furthermore, most patients with gastric cancer have a confirmed diagnosis made at a relatively advanced stage, resulting in a less favorable prognosis [3] . Therefore, there remains a need to identify new diagnostic and prognostic biomarkers for gastric cancer.
G protein-coupled estrogen receptor (GPER) is a novel estrogen binding receptor, which is mainly involved in nongenomic signaling pathways [4] . GPER is expressed throughout the body, including the reproductive system, the heart, and the gastrointestinal tract [5] . The levels of GPER expression are influenced by the type of tissue, the disease state, gender, and age [6] . Recent studies have shown that the activation of GPER signaling is linked to obesity, cardiac hypertrophy [7] , immunosuppression, metabolic syndrome [8, 9] , and tumorigenesis [10] . Activation of GPER has been reported to have opposing roles in the pathogenesis and metastasis of malignant tumors. Zhou et al. [11] found that GPER was overexpressed in invasive ductal carcinoma cells of the breast. Nicolas et al. [12] reported that the upregulation of GPER promoted the proliferation of seminoma cells. He et al. [13] showed that GPER was involved in the invasion and carcinogenesis of endometrial cancer. Yan et al. [14] showed that GPER stimulated the proliferation and invasion of ovarian cancer cells. Cui et al. [15] showed that upregulation of the expression of GPER in papillary thyroid carcinoma and high levels of GPER protein were correlated with lymph node metastasis. However, studies have shown that GPER might act as a tumor suppressor in several types of human cancer, including non-small cell lung cancer (NSCLC) [16] , hepatocellular carcinoma (HCC) [17] , triple-negative breast cancer (TNBC) [18] , melanoma [19] , prostate cancer [20] and cervical cancer [21] . However, the association between GPER expression and clinical outcome in patients with gastric cancer remains to be investigated.
Therefore, this study is aimed to investigate the prognostic significance of the expression of GPER in gastric cancer tissue using bioinformatics data and immunohistochemistry. The expression of GPER mRNA and protein in gastric cancer tissues and matched adjacent normal tissues were studied. In addition to GPER DNA methylation and mRNA expression, enrichment analysis of co-expressed genes with GPER was conducted to identify signaling pathways.
Material and Methods

Patients and follow-up
Gastric cancer tissue and matched adjacent normal gastric tissue were obtained from 84 patients with gastric cancer who received underwent surgical resection at the Surgery Department of Renmin Hospital of Wuhan University between January 2013 and December 2015. All patients were asked to provide a written informed consent. Patients who died within one month after surgery, or underwent radiotherapy or chemotherapy before surgery were excluded from the study. Clinicopathological data, including patient age, gender, tumor grade (G), and staging using the T, N, M staging system of the American Joint Committee on Cancer (AJCC) [22] , were acquired from hospital electronic record system. Postoperative follow-up was performed every three months during the first three years and twice a year after three years of follow-up. Overall survival (OS) was defined as the period from the time of definitive diagnosis of gastric cancer to the end of clinical follow-up, or death. This study was approved by the Institutional Review Board (IRB) of Renmin Hospital of Wuhan University.
Construction of tissue microarray and culture of cell lines
Representative samples from gastric cancer tissue and matched adjacent normal gastric tissue were selected for the construction of the tissue microarrays (TMAs), which were prepared according to the method previously reported [23] . Briefly, a 1.5 mm diameter core for each tissue sample was included in the TMA to included 84 samples of gastric cancer tissues and matched adjacent normal gastric tissue. Three human gastric cancer cell lines, HGC-27, MGC-803, SGC-7901, and one normal human gastric epithelial cell line, GES-1, were donated by the China Center for Type Culture Collection. The cell lines were cultured in DMEM/F-12 (1: 1) (Hyclone, Logan, UT, USA), supplemented with 10% fetal bovine serum (FBS) (Gibco, Thermofisher Scientific, Waltham, MA, USA) at 37°C in an incubator containing 5% CO 2 .
Immunohistochemistry
The method of immunohistochemistry staining was conducted as previously described [24] . Deparaffinized tissue sections from the formalin-fixed, paraffin wax-embedded tissue blocks containing the TMAs were washed with 3% H 2 O 2 , then subjected to antigen retrieval by citric acid at pH 6.0. After overnight incubation at 4°C with the primary antibody to G proteincoupled estrogen receptor (GPER) (ab39742) (1: 200 (Abcam, Cambridge, MA, USA), the sections were incubated for fifteen minutes at room temperature with horseradish peroxidase (HRP)-conjugated secondary antibody using a MaxVision™ kits (Maxim Bio, Fujian, China). After incubation for one minute with 3,3'-diaminobenzidine (DAB), the tissue sections were counterstained with hematoxylin. For the negative control, PBS was substituted for the primary antibody.
The immunostained TMA tissue sections were evaluated by two expert pathologists who were unaware of the patients' clinical information. A semiquantitative scoring system was applied to assess the results of the immunohistochemical staining according to the intensity of staining (IS) and the area of positivity (AP). IS was graded as 0 (negative), 1 (weak), 2 (moderate), and 3 (strong). AP was determined as the percentage of positive-stained cells: 0 (0%), 1 (1-25%), 2 (26-50%), 3 (³51%). A total H-score was obtained by multiplying AP with IS. The cut-off value of the H-score was 4 points according to KaplanMeier curves. If the H-score was <4 points, the result was interpreted as low expression; if the H-score was >4 points, the result was interpreted as high expression. A cutoff value for the GPER expression score was determined using the chi-squared (c 2 ) test and Kaplan-Meier curves which were statistically correlated with overall survival (OS).
Western blot
Proteins were extracted from the four gastric cell lines, HGC-27, MGC-803, SGC-7901, and GES-1, with RIPA buffer. Aliquots of protein were separated on 10% sodium dodecyl sulfatepolyacrylamide (SDS-PAGE) gels and transferred to polyvinylidene difluoride (PVDF) membranes. A primary GPER antibody (ab39742) (1: 250) (Abcam, Cambridge, MA, USA) was used. The levels of GPER protein were normalized to GAPDH on the same PVDF membranes (Merck Millipore, Burlington, MA, USA).
Bioinformatics analysis
GPER mRNA expression data were downloaded from the public database of RNA sequencing data in The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO). The Oncomine database (http://www.oncomine.org) was used to further evaluate GPER mRNA expression in gastric cancer tissue and matched adjacent normal gastric tissue. The online tool Kaplan-Meier Plotter (http://kmplot.com/analysis/) was used to investigate the association between GPER mRNA expression and clinical prognosis in patients with gastric cancer. The correlation between GPER mRNA expression and DNA promoter methylation was determined using the MethHC website (http://methhc. mbc.nctu.edu.tw/php/index.php) and the cBioPortal for Cancer Genomics website (http://www.cbioportal.org/). The cBioPortal website was searched to identify the genes that were coexpressed with GPER in The Cancer Genome Atlas Stomach Adenocarcinoma (TCGA-STAD) (absolute Spearman's r >0.5) and these identified genes underwent FunRich (version 3.1.3) enrichment analysis.
Statistical analysis
Data were analyzed using SPSS version 20.0 software (IBM Inc., Chicago, IL, USA). Student's t-test was used to examine the differential expression of GPER mRNA in gastric cancer tissue and matched adjacent normal gastric tissue. Receiver operating characteristic (ROC) curves were used to assess the diagnostic value of GPER mRNA for gastric cancer. Pearson's chisquared (c 2 ) test was used to evaluate the correlation between GPER expression and clinicopathological data. The log-rank test was applied to determine whether GPER protein expression was associated with the overall survival (OS) in patients with gastric cancer. Cox regression analysis was performed to identify whether the expression of GPER protein was an independent risk factor for survival of patients with gastric cancer. Graphical data was presented using GraphPad Prism 5 software (GraphPad Software, La Jolla, CA, USA). A P-value <0.05 was considered to be statistically significant.
Results
Differential expression of GPER mRNA in gastric cancer tissue and matched adjacent normal gastric tissue
The Cancer Genome Atlas Stomach Adenocarcinoma (TCGA-STAD) dataset contained 351 cases of gastric cancer and 31 matched adjacent normal gastric tissues. Analysis of TCGA-STAD showed that the levels of G protein-coupled estrogen receptor (GPER) mRNA were significantly lower in gastric cancer tissues compared with matched adjacent normal gastric tissue (P<0.0001). Also, GPER was downregulated in gastric cancer tissue compared with matched adjacent normal gastric tissue from the GSE29272 dataset which comprised of 134 cases of paired samples (P<0.0001). The Oncomine database website was used to investigate the expression of GPER in four additional datasets. In the Cho Gastric dataset (fold change, -9.393, P<0.0001), the Cui Gastric dataset (fold change,-2.432, P<0.0001), the D'Errico Gastric dataset (fold change, -6.837, P<0.0001) and the Wang Gastric dataset (fold change, -4.538, P<0.0001), levels of GPER expression were significantly lower in gastric cancer tissue when compared with matched adjacent normal gastric tissue (Figure 1 ), indicating that this gene was downregulated during tumorigenesis in gastric cancer.
The diagnostic value of GPER mRNA expression in gastric cancer
There was a significant difference in GPER mRNA expression between gastric cancer and normal gastric tissues. Receiver operating characteristic (ROC) curve analysis showed good diagnostic values for gastric cancer, including area under the curve (AUC) values. Data from the TCGA-STAD dataset showed that 3117 GPER mRNA expression was a significant diagnostic factor for gastric cancer (AUC=0.8133; 95% CI, 0.738-0.8879; P<0.001) ( Figure 2 ). For the GSE29272 dataset, when the cut-off value of GPER mRNA was 7.41, GPER mRNA could effectively differentiate gastric cancer from normal tissues with a sensitivity of 92.54% and a specificity of 85.075% (AUC=0.9562; 95% CI, 0.9352-0.9772; P<0.001). For the remaining four datasets studied, the AUC was 0.983 in the Cho Gastric dataset (P<0.001), 0.8117 in the Cui Gastric dataset (P<0.001), 0.8566 in the D'Errico Gastric dataset (P<0.001) and 0.850 in the Wang Gastric dataset (P=0.00213) ( Table 1) . Based on the above data, GPER mRNA expression might be used as a new biomarker to distinguish between gastric cancer tissue and matched adjacent normal gastric tissue.
The prognostic value of GPER mRNA expression in gastric cancer
The website of the Kaplan-Meier Plotter was used to evaluate the prognostic value of GPER mRNA in gastric cancer. Kaplan-Meier survival analysis based on GSE15459 (n=200) showed that higher expression levels of GPER mRNA were significantly associated with improved overall survival (OS) (P=0.013, HR=0.58) when compared with patients with gastric cancer and low levels of expression of GPER mRNA (Figure 3 ). High GPER mRNA expression was correlated with improved disease-free survival (DFS) (P=0.019, HR=0.62) according to the Kaplan-Meier plots. Also, subgroup analysis by gender showed that in female patients with gastric cancer, high levels of GPER mRNA were significantly associated with a favorable OS (P=0.016, HR=0.37) and an improved DFS (P=0.025, HR=0.42). However, there was no similar correlation between the expression of GPER mRNA and OS or DFS among male patients with gastric cancer (P>0.05). Therefore, increased expression levels of GPER mRNA might be a protective factor for female patients with gastric cancer.
GPER mRNA expression was negatively regulated by DNA methylation
Using the MethHC website, a comparative plot was generated that showed that the levels of GPER DNA methylation were significantly increased in gastric cancer when compared with the matched adjacent normal gastric tissues (transcript: NM_001039966, P<0.005) ( Figure 4A) . Also, the association between GPER expression and DNA methylation from data obtained from the cBioPortal for Cancer Genomics website based on data from Stomach Adenocarcinoma (TCGA provision) showed a negative correlation (Spearman's r, -0.641, P<0.05), which indicated that GPER expression was gradually 
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reduced with the increase of GPER promoter DNA methylation ( Figure 4B ). Also, data were downloaded related to GPER DNA methylation from the MethHC website, which showed an association between GPER DNA methylation and OS as well as DFS (P>0.05) in patients with gastric cancer ( Figure 4C, 4D ).
Enrichment analysis of GPER co-expressed genes in TCGA-STAD
There were 356 genes that were co-expressed with GPER (absolute Spearman's r >0.5) that were identified from the cBioPortal for Cancer Genomics. These genes underwent FunRich analysis for enrichment to identify the biological pathways. These co-expressed genes were mostly enriched for epithelialmesenchymal transformation (EMT), axon guidance, muscle contraction, smooth muscle contraction, neurofascin interactions, and cell-cell communication ( Figure 5 ). Among these biological pathways, the most significant pathway was EMT (P<0.0001) with the highest percentage of genes (30.6%), indicating that GPER might have a role in gastric cancer through the regulation of EMT. 
Prognostic significance of GPER protein expression in gastric cancer
According to the log-rank test, based on 84 cases of gastric cancer, high expression levels of GPER were closely correlated with a favorable OS (P=0.016) (Figure 7 ). After univariate Cox regression analysis, patients with gastric cancer with high expression levels of GPER protein had an improved OS (P=0.026; HR=0.29; 95% CI, 0.098-0.863). After adjusting for other clinicopathological factors, including TNM stage, multivariate analysis showed that high GPER protein levels remained clinically significant as an indicator of favorable OS (P=0.035; HR=0.277; 95% CI, 0.084-0.916), which supported the view that GPER might be a novel prognostic biomarker in gastric cancer (Table 3) .
GPER protein was downregulated in gastric cancer cell lines
Western blot was used to investigate the expression of GPER protein in three gastric cancer cell lines, MGC-803, SGC-7901, HGC-27, and in a normal gastric epithelial cell line, GES-1.
The results from Western blot showed that the expression of GPER was downregulated in SGC-7901, HGC-27 and MGC-803 cell lines when compared with the GES-1 cell line (Figure 8 ). 
E p i t h e l i a l -t o -m e s e n c h y m a l t r a n s i t i o n A x o n g u i d a n c e M u s c l e c o n t r a c t i o n S m o o t h m u s c l e c o n t r a c t i o n N e u r o f a s c i n i n t e r a c t i o n s
Discussion
To our knowledge, this is the first study that has investigated the association between the expression of G protein-coupled estrogen receptor (GPER) and prognosis in patients with gastric cancer. The findings of this study showed that GPER expression was reduced in gastric cancer tissue, both at the level mRNA and protein, and was closely correlated with prognosis when overall survival (OS) and disease-free survival (DFS) were analyzed. Also, a negative association was found between DNA methylation and GPER expression, which indicated that GPER expression was negatively regulated by DNA methylation. In the present study, GPER was downregulated in three gastric cancer cell lines HGC-27, MGC-803, SGC-7901, when compared with the GES-1 normal gastric epithelial cell line. Based on these findings, GPER may act as a tumor suppressor regulated by DNA methylation and might be a future potential prognostic biomarker and therapeutic target for gastric cancer. However, further studies are required to investigate these potential roles for GPER in gastric cancer.
In this study, low expression of GPER mRNA was significantly associated with reduced patient survival (both OS and DFS). However, subgroup analysis by gender showed that in female patients with gastric cancer, high levels of GPER mRNA were significantly associated with a favorable OS and an improved DFS, but there was no similar correlation between the expression of GPER mRNA and OS or DFS among male patients with gastric cancer. Also, the expression levels of GPER protein were different in female patients and male patients in this study. The incidence of gastric cancer in the male population is almost twice that found in the female population [25] . Estrogenic signaling has been reported to be involved in the progression of hormone-dependent tumors, including gastric cancer [26] . GPER has a different mode of action from the classical nuclear estrogen receptors (ERa, ERb). Studies have previously shown that ERb has a more important role in gastric carcinogenesis than ERa through the classic genomic signaling pathway [27] .
Patients with gastric cancer with positive ERb expression have been shown to have an improved prognosis in terms of OS when compared with patients with gastric cancers that have negative or low expression of ERb [28, 29] . However, little is known about how GPER exerts its protective effects for gastric cancer. The activation of GPER by estrogen promotes to the phosphorylation of glycogen synthase kinase-3 beta (GSK-3b) and inhibition of nuclear factor-kappa B (NF-kB) signaling in breast cancer [18] . Activation of GPER has previously shown a significant effect on the immune microenvironment in hepatocellular carcinoma (HCC) [17] . In cervical cancer cells, the use of the GPER-specific agonist, G-1, resulted in sustained activation of ERK1/2 mediated by the epidermal growth factor receptor (EGFR) signaling pathway, which suppressed cell proliferation [30, 31] . GPER has also previously been shown to regulate the expression of ERa [27] . The protective role of estrogen, mediated by GPER in the pathogenesis of gastric cancer, requires further investigation in future studies.
The results of the present study showed that the expression of GPER protein was reduced in the stroma of gastric cancer tissue when compared with matched adjacent normal gastric tissue. Reduced expression of GPER protein was correlated with a higher grade and stage of gastric cancer, and enrichment analysis of genes that were co-expressed with GPER showed that the most significant biological pathway was the epithelial-mesenchymal transition (EMT) pathway. Therefore, it may be proposed that GPER might act as a tumor suppressor in gastric cancer through the regulation of EMT, a multistage process in which epithelial cells lose their cell polarity and gain a mesenchymal phenotype [32] . Several published studies have now shown that EMT plays a crucial role in the development and metastasis of gastric cancer [33, 34] . Also, Chen et al. [18] proposed that activation by the GPER-specific agonist G-1 inhibited EMT in triple-negative breast cancer (TNBC). Wang et al. [35] found that the overexpression of GPER could suppress the migration and invasion of osteosarcoma cells and reduce the stability of EMT-related transcription factors. Li et al. [36] reported that GPER had a key role in regulating glomerular mesangial cell function, including the production of extracellular matrix (ECM) and migration of mesangial cells. However, recent studies have investigated whether the activation of GPER could lead to the suppression of EMT during the metastasis of gastric cancer. Therefore, further studies are needed to investigate the role of GPER in the occurrence and progression of gastric cancer.
Previously published studies have evaluated the associations between GPER expression and prognosis in several types of human cancer. Klaus et al. [21] found that patients with positive cytoplasmic expression of GPER had an improved OS and increased DFS in the early stage of cervical cancer. Stefan et al. [37] showed that GPER expression combined with positive ER status was an independent prognostic factor for improved 10-year DFS in patients with breast cancer. Also, Eleftherios et al. [38] reported that the expression of cytoplasmic GPER was significantly associated with increased histologic tumor differentiation (low grade), and favorable OS in patients with primary invasive breast carcinomas. Fabian et al. [19] reported that the presence of GPER predicted a better DFS in patients with melanoma. Heublein et al. [39] found that GPER activation reduced the proliferation rate of ovarian cancer cells, and increased expression of GPER was associated with an increased OS.
The present study assessed the prognostic significance of GPER expression in patients with gastric cancer and showed that low expression of GPER mRNA or protein correlated with a reduced OS. It is possible that GPER may be involved in the occurrence and development of different tumors through diverse pathways, which explains the varied reported associations between GPER expression and clinical prognosis different types of malignant tumors. The findings of the present study demonstrated that the expression of GPER was downregulated in gastric cancer and this gene might act as a tumor suppressor gene. Gene silencing mediated by DNA hypermethylation has an important role in the pathogenesis and progression of cancer [40] , and it is possible that the GPER DNA methylation might be involved in the decreased expression of GPER mRNA that occurs in gastric cancer. In this study, analysis using data from the MethHC website showed that the levels of GPER methylation in gastric cancer tissues were much higher than in normal tissues. Also, this study showed low expression of both mRNA and GPER protein in gastric cancer, combined with a negative correlation between DNA methylation and mRNA expression. Therefore, GPER DNA methylation gradually reduced GPER mRNA expression in the progression of gastric cancer, indicating that GPER promoter methylation is an important epigenetic mechanism for the down-regulation of GPER in gastric cancer. Several studies have previously investigated the methylation status of the GPER promoter in breast cancer and showed that GPER expression was negatively regulated by methylation of the GPER promoter [31, 40, 41] . Also, patients with breast cancer who had GPER DNA methylation have been shown to have an improved OS [31, 40] . However, in the present study, based on limited data of GPER DNA methylation from The Cancer Genome Atlas Stomach Adenocarcinoma (TCGA-STAD), it was not possible to find a correlation between GPER DNA methylation and prognosis in patients with gastric cancer. This study had several limitations. There were few cases that underwent immunohistochemistry for tissue GPER protein expression, which means that the findings should be interpreted with caution. In this study, the possible correlation between GPER protein expression and DFS in gastric cancer was not investigated. Also, the effects of GPER expression on proliferation and migration of gastric cancer cells was not investigated and the effects of the specific GPER agonist, G-1, were not included in this study. Therefore, the mechanism of GPER dysregulation in tumorigenesis and the progression of gastric cancer requires further investigation to address these limitations.
Conclusions
The findings from this study showed that G protein-coupled estrogen receptor (GPER) was downregulated in patients with gastric cancer and that decreased expression of GPER protein was an independent risk factor for poor prognosis in patients with gastric cancer. GPER may act as a tumor suppressor through the regulation of the epithelial-mesenchymal transition (EMT) pathway in gastric cancer. The findings from this study support that GPER requires further investigation in patients with gastric cancer to determine whether it has clinical potential as a diagnostic biomarker and as a possible therapeutic target in gastric cancer.
